Objective: The objective is to evaluate the efficacy of using tibial bone marrow delivered to the chondral-bone interface (CBI) via percutaneous chondral bone interface optimization (PeCaBoo) as a therapy for knee osteoarthritis (OA). Study Design: A series of prospective cases were presented. Participants: Our study included 10 patients with medial or lateral compartment knee OA. Methods: With 1 cc of heparin pre-loaded in the syringe, 5 cc of tibial bone marrow was withdrawn from the proximal tibia. The resultant 6 cc of aspirate in the syringe was injected via PeCaBoo, 2 cc at a time, into the superior CBI and inferior CBI. The remaining 2 cc was injected via needle into the intra-articular joint space. Main Outcome Measurements: Patients had MRIs taken pre-procedure and 3 months post-procedure to measure bone edema and intra-articular matrix thickness. Patient-reported outcomes recorded included the Western Ontario and McMaster University Osteoarthritis Index (WOMAC) and the Numeric Paint Rating Scale (NRS), which were both obtained pre-procedure and post-procedure at 3, 6, and 12 months. Use of non-steroidal anti-inflammatories (NSAIDs) was recorded pre-and post-procedure as well. Results: Our study included 4 males and 6 females, with an average age of 63.5 years. The average follow-up time was 14 months, with a range of 13 -15 months. The mean WOMAC score was 58.2 points pre-procedure and 35.3 points post-procedure (p < 0.01). The mean NRS-Pain score was 8.6 points pre-procedure and 2.8 points post-procedure (p < 0.01). The matrix thickness increased by 14% on average at 3 months postprocedure (p < 0.01). The proportion of patients taking NSAIDs decreased by 60% after the PeCaBoo procedure. The subgroup of patients with tibial edema and knee OA had optimal outcomes. Conclusions: Tibial bone marrow stem cell delivered via PeCaBoo is a novel minimally-invasive treatment for knee OA, with potential to repair cartilage and improve knee pain and function. * Corresponding author.
Materials and Methods
The purpose of this prospective, observational study was to assess the effectiveness of MSC therapy in the treatment of knee OA. We obtained approval by the institution's ethics committee and informed consent from all participants prior to conducting this study. Inclusion criteria included (1) medial or lateral compartment knee OA as defined by the Kellgren-Lawrence grading scale and (2) 6 months of failed physical therapy, oral medications, cortisone injections, hyaluronic acid injections, and arthroscopic debridement. Patients were excluded if they had a prior history of infection.
This study took place at the Ruby Hall Clinic in Pune, India, in 2013. Ten patients ranging from 52 -73 years of age (mean and median age of 63.5) were enrolled in the study after meeting the aforementioned criteria. The cohort was comprised of 4 males and 6 females, of which 8 were of Indian ethnicity, 1 Dutch, and 1 Caucasian. Study participants were instructed not to take nonsteroidal anti-inflammatory drugs (NSAIDs) for three days prior to the procedure and five days post-procedure. The procedure was performed under IV sedation, with IV antibiotics given during the procedure.
Prior to aspiration of MSCs, 1 cc of heparin was added to the syringe as an anticoagulant. The same syringe was then used to aspirate 5 cc in volume of bone marrow from the proximal tibial tubercle using the PeCaBoo system. The resulting 6 cc of volume in the syringe was split into three equal parts of 2 cc each. Using fluoroscopic guidance to ensure precise locations of injection, the PeCaBoo delivery system was used to administer 2 cc injections to the superior CBI and inferior CBI, either medially or laterally depending on the location of knee OA (Figure 1) . Drilling into the CBI stimulates the MSCs in the bone marrow of the CBI to proliferate and restore intra-articular matrix, in a combined effect with the injected tibial bone marrow stem cells (Figure 2 ). An additional 2 cc was injected into the intra-articular knee joint space using a 22 gauge 1 ½ needle. Two days after the procedure, patients were instructed to resume walking.
All study participants had an MRI scan taken pre-procedure and another taken three months post-procedure, which was used to measure changes in intra-articular matrix thickness. Participant-reported Numeric Pain Rating Scale (NRS) [27] , Western Ontario and McMaster Universities Arthritis Index (WOMAC) [28] , and nonsteroidal anti-inflammatory usage was obtained pre-operatively and then at a minimum of 12 months post-operatively.
PeCaBoo Delivery System
The PeCaBoo system uses a specialized needle inserted through a drill bit to aspirate bone marrow from the tibia, and then deliver it to the injection sites of the CBI. In the beginning of the procedure, the needle is on the end Figure 1 . PeCaBoo is applied to the superior and inferior chondral-bone interfaces to stimulate the differentiation of mesenchymal stem cells into cartilage from both angles. distal to the handle and is surrounded by a tapered helix that is followed by a straight helix. The tri-lobe handle contains a delivery compartment that is used to store the solution for injection. This delivery compartment can also be removed to allow leverage for inserting the needle through the hard bone superficial to the CBI. Advantages of the minimally invasive PeCaBoo delivery system include a short procedural time of several minutes to minimize trauma, air exposure, and risk of infection (Figure 3, Figure 4 ). The PeCaBoo delivery system was supplied by Vad Scientific LLC.
MRI Analysis
MRI sequences were used to measure matrix size and subchondral bone marrow edema pre-and post-operatively. Matrix increase was measured in millimeters using the sagittal view at the point of greatest thickness between the tibia and femur. The MRIs were evaluated by an independent blinded board certified radiologist.
Statistical Analysis
An independent blinded nurse collected the data. The data was analyzed using a paired t-test to calculate the significance between pre-and post-procedure NRS and WOMAC pain scores, and to assess their correlation with subjects' age, knee OA grade, and edema presence or absence. Alpha was set at 0.05.
Results
The cohort was comprised of 4 males and 6 females, with an average age of 63. to an average of 2.8 points post-procedure (p < 0.01) ( Figure 6 ). All 10 patients were using NSAIDs pre-procedure. Only 4 patients were using NSAIDs post-procedure, resulting in a 60% decrease in study subjects who required NSAIDs to manage their knee pain. MRI scans were used to measure the change in intra-articular matrix thickness (Figure 7) . Matrix thickness increased by an average of 14.1%. Four patients (40%) did not show any restoration of matrix thickness. The six patients (60%) who did show a restoration had an average increase of 23.5% in matrix. Study participants ranged from 52 -73 years of age. Both the mean and median age were 63.5 years. When the data is analyzed in a subset with those above the median age and subset below the median age, results vary between the two groups. The average NRS score improved by 7.4 points in patients below age 63.5 years, while it improved by 4.2 points in those above the median age (p < 0.01). Likewise, the average WOMAC score improved by 28.8 points in patients below age 63.5 years, while it improved by 17.0 points in those above the median age (p < 0.01). Matrix increased by an average of 16.8% in patients below age 63.5 years, with four out of five (80%) subjects showing an increase (p < 0.01). Participants above older than 63.5 years experienced an average increase of 11.4% in matrix, with two out of five (40%) patients showing an increase in matrix (p < 0.01) (Figure 8) .
Data analysis by subsets of arthritis severity, as determined by the Kellgren-Lawrence grading scale, showed variation in group outcomes. The average NRS score improved by 7.2 points in patients with Grade in WOMAC score of 27.8 points, whereas patients with Grade 4 OA had an average change of 15.5 points (p < 0.01). The average increase in intra-articular matrix in patients with Grade 3 OA was 20.2%, with five out of six (83%) patients showing an increase (p < 0.01). Grade 4 OA patients had an average increase in intra-articular matrix of 5%, with one out of four (25%) of patients showing an increase (p < 0.01). The average age of study patients with Grade 3 OA was 64 years, and the average age of patients with Grade 4 OA was 62.8 years (Figure 9 ). Four patients (40%) were found to have tibial subchondral bone marrow edema on the MRI scans. All four reported significant improvements in NRS, from an average of 9 points pre-operatively to 1.8 points post-operatively. WOMAC scores improved from 57.3 points pre-operatively to 29.5 points post-operatively. The average increase in matrix measured on the MRIs was 17.3%, with three out of four of these patients showing an increase. None of them were using NSAIDs post-procedure.
Two patients (20%) did not show significant improvements in pain scores and matrix thickness after the procedure, but they did not worsen either. Both of these patients had Grade 4 OA and were ages 68 and 73, above the median age in this study.
Discussion
Our study presents a novel approach to the treatment of knee OA that has the potential to repair cartilage and al leviate pain over a long-term follow-up time. Using the PeCaBoo system to deliver tibial marrow cells via drilling into the CBI, our procedure is believed to stimulate angiogenesis to the subchondral bone and thereby alleviate the ischemia potentially associated with pain in knee OA. It is also thought that the injected tibial marrow mesenchymal cells can differentiate into chondrocytes and proliferate, thus increasing the intra-articular matrix size measured on MRI scans. Our results indicate that using the PeCaBoo delivery system to deliver tibial marrow cells to the CBI is a safe and effective, minimally invasive approach that could be used as an alternative treatment for patients with knee OA. Current guidelines for the treatment of knee OA recommend the following order of therapies: (1) lifestyle modifications; (2) administer a simple analgesic (e.g. acetaminophen); (3) administer nonsteroidal anti-inflammatory drugs (NSAIDs) (e.g. COX-2 inhibitors); (4) inject hyaluronic acid or corticosteroid into the intraarticular joint space; (5) total knee replacement [2] . However, these treatments fail to effectively alleviate symptoms for many patients [2] . Many pharmaceutical companies have also recently closed research programs for OA due to the complexity of treatments and the difficulty in demonstrating their efficacy in clinical trials [29] . Thus, there exists a need for the development of new, more effective therapies to treat knee OA.
Studies have found varied results as to the efficacy of current treatments for knee OA. A 2015 study by Van der Weegen et al. found no difference between intra-articular injection of hyaluronic acid and placebo in the treatment of mild to moderate knee OA [30] . While other studies have found that hyaluronic acid injections do alleviate some pain [31] , patients do not always respond to the treatment, including those enrolled in our study. Both hyaluronic acid and corticosteroid injections only have potential to provide short-term relief as well [32] . A recent meta-analysis study found NSAIDs to have a similar efficacy to hyaluronic acid in treatment of symptomatic knee OA, though long-term use of NSAIDs can result in gastrointestinal and cardiovascular complications [33] [34] .
If minimally-invasive treatments fail, the common practice is to recommend total knee arthroplasty (TKA). However, this surgery has the risk of many complications including deep venous thrombosis, pulmonary embolism, and infection [35] [36] . Periprosthetic joint infection occurs in 2% of TKAs performed [37] . Infection can result in mortality, morbidity, and hospital re-admission costs that average $20,001 per patient [38] [39] . Other possible morbidities following TKA include stiffness requiring manipulation under anesthesia, postoperative blood transfusion, and the need for reoperation [4] . The economic burden of TKAs is significant, with an average surgery cost of $24,435 per patient that amounts to a total hospital charge of nearly $16 billion for TKAs done nationally [40] .
We hypothesize that knee OA originates at the chondral-bone interface (CBI), and therefore our procedure targets this area. When patients experience increased pressure and loss of cartilage at the CBI, the resultant ischemia shifts chondrocytes to a catabolic state and stimulates production of pro-inflammatory molecules (e.g. IL-1, [42] . These factors reduce synthesis and accelerate breakdown of the cartilage matrix [43] .
When the mesenchymal stem cells (MSCs) from the tibial bone marrow are injected into the CBI, they have a trophic effect on chondrocytes [43] . These factors can suppress the local immune system, inhibit fibrosis and apoptosis, stimulate angiogenesis, and promote mitosis of tissue-intrinsic stem or progenitor cells [44] . MSCs are also multilineage progenitors that can differentiate into chondrocytes and thus help to restore cartilage matrix volume [45] . This is supported by our data, which shows an increase in intra-articular matrix size on MRI scans and a significant reduction in OA symptoms on the WOMAC and NRS scales after injection with MSCs.
A recent study estimates the mononucleated cell (MNC) concentration of the tibia to be 1.7 million/ml, and these cells have markers highly specific to MSCs (e.g. CD 105+, CD 90+, CD 73+, CD 34−, CD 45−) [15] . When cultured in specific media, these MSCs sufficiently differentiate into chondrocytes, osteoblasts, and adipocytes [15] . We thus estimate that 8.5 million MNCs are contained within the 5 cc of aspirate withdrawn from the tibial bone marrow in our study, and that the MSCs differentiate into chondrocytes and osteoblasts to restore the CBI.
Aging is associated with a decrease in number of bone marrow MSCs, along with an impaired proliferation and chondrogenic response [46] . This is supported by our finding that younger age is associated with greater improvement in pain scores and increases in intra-articular matrix. Similarly, a lower grading of OA severity is associated with improved outcomes after the procedure.
Chronic ischemic bone disease can lead to subchondral bone marrow edema [47] . Both tibial marrow MSCs and endothelial cells express VEGF and CD105, indicating that these MSCs may contribute to angiogenesis [15] [48]. It is also known that bioactive factors secreted by MSCs can stimulate angiogenesis [44] . We believe that the MSCs used in our procedure restore vascularity to the CBI, as indicated by the positive outcomes in the subset of patients with subchondral edema. Furthermore, drilling into the CBI is a mechanical stimulus for angiogenesis.
The economic advantage of the lower-cost PeCaBoo procedure is substantial when compared to the expenses of a total or partial knee replacement. It is performed as an outpatient, minimally invasive procedure that does not require an extended stay in the hospital post-procedure. The PeCaBoo procedure also has a lower risk of infection, blood clots, correction surgeries, and re-hospitalization than a knee replacement has. Together, these factors substantially reduce costs for both the patient and hospital.
Limitations of this study include the small number of participants and the subjectivity of self-reported outcomes. The NRS and WOMAC grading scales are based on patient-reported data, which is inherently subjective for each patient. To account for this, the MRI scans provide an unbiased comparison between patients. Future studies should expand the number of participants to increase the statistical power of the data.
Conclusion
In conclusion, PeCaBoo has the potential to be an alternative to total knee replacement when other minimally-invasive therapies have failed. Our study used mesenchymal stem cells from tibial bone marrow to treat knee osteoarthritis via PeCaBoo injection. To our knowledge, this is the first study to use this technique. Our results show that this procedure can improve pain and functioning scores, and also potentially repair or regenerate the intra-articular matrix at the chondral-bone interface. Early arthritis and presence of bone edema were positive prognostic factors in this pilot trial. As a cost-efficient and effective procedure to treat knee OA, our results from this PeCaBoo trial support the need for a study with a larger number of participants to confirm our findings.
